studies of cerebral oxygenation is &own, the inhomogeneity of the head and resulting variation in optical paths making determination of the interrogated volume difficult. In this study, the spatial sensitivity profiles in simple two-component inhomogeneous cylindrical models are predicted by Monte Carlo simulation in order to reveal the effects of the overlying tis" 
Introduction
Near-infrared spectroscopy (NIRS) which was first proposed in 1977 (Jobsis 1977 ) is now widely used for cerebral oxygenation monitoring in adults (Ferrari et a1 1986 , Hazeki et al 1987 , Hampson et al 1990 , Hoshi and Tamura 1993 , neonates (Wyatt et al 1986 , Livera et al 1991 , Edwards et al 1991 and foetuses (Aldrich et al 1994) . The development of commercial instruments has enabled one to measure the oxygenation change in the brain routinely, via optical fibres attached to the head , Cope et a1 1988 , Chance et a1 1990 . One of the most important problems in interpretation of the NIRS data is to assess the volume of tissue in which the oxygenation change is being measured. It is obvious that the position and volume of the interrogated tissue will depend on the position and spacing of the source and detection fibres and this can roughly be estimated intuitively.
For instance, since the mean interrogation depth of photons in a medium increases with increasing fibre spacing , Cui etal 1991 , it is believed that oxygenation changes in the deeper tissues of the brain can be detected with large fibre spacing (Harris et al 1994) . There is little rigorous evidence for this belief and most data are largely based on mathematical modelling and measurements in simple homogeneous phantoms (Patterson et t JSPS Fellow for Research Abroad, original affiliation: Deparunent of ElecMcal Engineering, Keio University, Yokohama. Japan. a1 1989, Jacques 1989). These give only ambiguous guidelines concerning the interrogated volume. Furthermore, in cerebral studies the overlying tissues, which consist of scalp, skull and cerebrospinal fluid around the brain, must affect the spatial sensitivity of the NIRS measurements. Some preliminary modelling of a simple two-layer model has shown that the photon propagation pathlength in the deeper layer (the 'brain') and also the reflected intensity at the surface are stxongly affected by the optical propeaies of the overlying layer (the 'tissue') (Nossal et al 1988, Hmoka et a1 1993, Taitelbaum et nl 1989, Cui and Oshander 1992) . However, the effect of the overlying tissue on the interrogated volume in the NIRS measurement has scarcely been investigated
The volume of tissue interrogated with NIRS instrument can be obtained as the 'spatial sensitivity profile', which is deduced from the accumulated photon propagation path. There have been several publications on ways to estimate this parameter, many of which have been developed with the aim of NIR image reconshction (Haselgrove et a1 1991 , Schotland et a1 1993 , Sevick et af 1994 , Anidge 1995 , Arridge and Schweiger 1995 . These papers used various terms to describe the spatial sensitivity profiles, for instance photon hitting density (PHD) (Schotland et a1 1993) or photon sampling volume (PSV) (Sevick et a1 1994) . In a previous series of studies, the term photon measurement density function (PMDF) (Arridge 1995, Arridge and Schweiger 1995) was proposed as the general description of the photon density path. The spatial sensitivity profile of the intensity measuring NIRS instruments is equivalent to the intensity PMDF.
In this study the effect on the spatial sensitivity profile of an inhomogeneity simulating the tissue overlying the brain is predicted in order to reveal the effect that this is likely to have on the volume of brain tissue interrogated with an NIRS instrument To help elucidate these effects, a simplified cylindrical model was used which consists of two concentric homogeneous layers. A Monte Carlo method (Wilson and Adam 1983 , van der Zee and Delpy 1987 , Patterson et al 1990 , Hasegawa et af 1991 is applied to the model to predict the spatial sensitivity profiles at various detection angles. In order to validate the Monte Carlo predictions, solid cyliidrical 'tissue equivalent' phantoms (Firbank and have been built and 'mean time of flight' measurements of optical pathlength made at various detection angles using a pulsed laser system @elpy et d 1988). The distortion of the spatial sensitivity profiles within the tissues caused by the outer layer and the consequent sensitivity of the NIR signals to changes in the inner 'brain' tissue are discussed.
The spatial sensitivity profile
In NIRS measurements one fibre is used for illumination and another detection fibre is placed nearby to collect the light passing through the tissue. The sensitivity profile, which shows the photon density distribution between the two fibres, namely the volume of tissue interrogated with the NIRS instrument, indicates the contribution of an attenuation change in a particular area to the total detected signal. The attenuation changes in biological tissues arise largely from variations in the haemoglobin concentration or oxygenation (Wray et a1  1988 ). An intuitive description of the spatial sensitivity profile can be obtained in terms of the accumulated photon path histories reaching the detection fibre. In practice the histories of the photon paths are weighted by their output intensity and are recorded on a matrix for calculating the spatial sensitivity profile. The typical photon path of an individual photon and a weighted photon path history are shown in figure 1. A photon which has a unity weighting factor which is related to the intensity is put into the medium from a source fibre at TO. When the photon is scattered out from TI, where the detection fibre is located, the spatial sensitivity of the photon at position ( x . y) is defined as Assume that an inhomogeneous medium consists of two separate homogeneous components which have different optical properties as shown in figure 1. The contribution of an absorption change in each component will depend upon the integrated spatial sensitivity summed over the component. In this study the outer layer XO and the inner medium XI imitate the overlying tissues of the head and the brain itself, respectively. Since the area of interest for NIRS measurement is the brain, we can define the sensitivity ratio S ( r o , T I ) , which is the spatial sensitivity summed over the inner medium XI divided by the spatial sensitivity summed over the whole area, to express the contribution of the brain to the total signal: The spatial sensitivity integrated over inner medium XI shows the fractional photon density in the inner medium and thus the sensitivity ratio indicates the contribution of the change in absorption in the inner medium to the NIRS output signal. Since the spatial sensitivity profile varies with the spacing between the source and the detection fibres, the sensitivity to the change in absorption in the inner medium relies not only on the optical properties of the media but also on the fibre spacing. A high value for the sensitivity ratio means that the output signal is dominated by absorption changes in the inner medium and indicates that small changes in the optical properties of the outer layer can probably be ignored. Conversely, it would be hard to extract information about absorption changes in the inner medium from the NIRS signal under circumstances in which the sensitivity ratio is low.
The model and the method

The model
The geometry of the inhomogeneous model used in this study is shown in figure 2 . The model consists of two homogeneous concentric cylinders. This simple geometry has been chosen for two reasons. Firstly, a previous theoretical study has shown that, when the input light is diffuse, the overall optical pathlengths are similar for the homogeneous slab, cylinder and sphere as a function of chord length (Anidge et nl 1992). Secondly, for experimental verification of the data, it is much easier to make a multilayered cylindrical phantom. The outer diameter of the cylinder in the model is 30 mm and the thickness of the outer layer is 2 nun. Since the photon propagation in the model is predicted with a Monte Carlo simulation, the diameter of the model must be much smaller than that of the adult head to keep the computation time of the Monte Carlo simulation within reasonable limits. The ratio of the cylinder diameter and the thickness of the outer layer was, however, approximately equivalent to that of the adult brain diameter to the combined thickness of the scalp and skull. The model is a reasonable simulation of cerebral geometry in small animal models which are often used in NIR studies, for example rats , Wray et al 1988 , Nomura and Tamura 1991 , cats (Chance et al 1988) , dogs (Fermi et a1 1989) and piglets (Tsuji et a1 1995). The optical properties for the inner cylinder were transport scattering coefficient pi, = 6.4 mm-' and absorption coefficient pal = 0.02 mm-'. These are almost equivalent to the optical properties of adult human and animal brain white matter (Cheong et a1 1990) . Four separate inhomogeneous models were used in which the optical properties of the outer layer were different from those of the inner cylinder. The differences of the optical properties of the outer layer were: (i) pao the same, pio = 0.25 pil; (ii) puo the same, p:,, = 1.3 pil; (ii) p& the same, pa = 0.1 ~~1 ; and (iv) pi,, the same, pa = 5 pal. A fifth homogeneous phantom whose outer layer optical properties were the same as those of the inner cylinder was also used for reference. The mean time of flight, output intensity and the spatial sensitivity profile were modelled as functions of the detection angle to examine the effect both of the optical properties of the outer layer and of the sourcedetection fibre spacing. In order to validate the Monte Carlo simulation, the predicted mean time of flight was compared with experimental results. The phantoms for these experiments were made of a clear polyester plastic containing titanium dioxide to alter its scattering coefficient and dyes to alter the absorption coefficient . The refractive index of the polyester plastic is 1.58 and the mean cosine of the single-scattering phase function of the titanium dioxide was 0.58. The optical properties of the phantoms were the same as those of the corresponding models used in the simulation.
MO& Carlo simulation
A Monte Carlo simulation has the advantages of being conceptually simple and allowing direct handling of spatial sensitivity profiles because it predicts the propagation of individual photons. In this study the photon propagation was calculated using the variance reduction where psi is the scattering coefficient of medium i and R is a random number in the range 0-1. If a photon crosses the boundary between different media, then the scattering length is corrected. Successive scattering angles are calculated from random numbers and the scattering phase function. In order to compare the simulation results with experimental data, the experimentally measured scattering phase function of titanium dioxide was used in the calculation. Reflection and refraction of light on the surface of the model is taken into account. When the photon is scattered out of the model, the ultimate survival weight of the photon W is calculated from the absorption coefficients pa0, pal and the accumulated pathlengths LO and L1 in each medium: 
The experiment
A picosecond pulsed laser and a streak camera were used to measure the time of flight through the phantoms (Delpy et al 1988) . The laser system consisted of an Ar-ion laser pumping a 3:sapphue laser. Laser pulses of approximately 2 ps half-maximum width are emitted at 82 MHz. The laser was coupled into an optical fibre of 50 p m core diameter and guided to the phantom. A part of the laser beam is directly sampled as a delayed time reference. The transmitted light at a pmicular detection angle 0 is collected into a fibre bundle through a pinhole of 1 mm diameter and conveyed to the streak camera. The overall width of the pulse detected by the streak camera including fibre dispersion and jitter of the streak camera was 20 ps. The time of Eight profile at various angles between source and detection fibres was measured and stored in a computer and the mean time of flight subsequently calculated after software corrections for non-linearity and so on in the streak camera.
Results
A comparison of the expenmental results for the mean time of flight through the inhomogeneous and homogeneous phantoms with those predicted by the Monte Carlo simulation is shown in figure 3 . Lines indicate the Monte Carlo predictions and symbols with error bars show the experimental results and the standard deviations of three measurements. The predicted mean time for each model agrees well with the experimental results except for the scatter in the Monte Carlo data at large detection angle because of poor statistics at large fibre spacing. The accuracy of the Monte Carlo calculation increases with the square root of the number of detected photons and, since the rate at which photons arrive at the fibre at large detection angles is extremely low, many millions of photons must be traced to obtain stable statistics. The mean times for the models which have a low pio or high px in the outer layer are shorter than that for the homogeneous model whereas for the models with high & or low pLa0 outer layer, they are longer.
Images of the spatial sensitivity profiles of the homogeneous and inhomogeneous models for the detection angles of 10". 30", 60" and 150" are shown in figures 4-7, respectively. The white line shows the position of the boundary of the two layers. A hypothetical boundary is also shown in the spatial sensitivity profiles of the homogeneous model for reference. The bright parts of the images indicate high-sensitivity regions for the NIRS output signal and the contours in the image are drawn for every 12.5% fall from the maximum sensitivity point, with the extreme contour indicating the position where the relative sensitivity is 1%. Hence the contribution of optical property changes outside this final contour to the detected signal is almost negligible. As shown in figure 4, when the detection angle is loo, because of the small fibre spacing, the interrogation depth is so shallow that the spatial sensitivity profiles are mainly distributed over the outer layer between the fibres and few photons pass through the inner cylinder. Hence the effect of object inhomogeneity on the protiles at small detection angle is not significant. The spatial sensitivity profiles for a detection angle of 30" are susceptible to the optical properties of the outer layer as shown in figure 5. In the homogeneous model the spatial sensitivity profile spreads uniformly between the fibres with the intense sensitivity area curved inward toward the centre and other sensitivity peaks located around the source and detection fibres. In the model with a low pio outer layer, the spatial sensitivity profile is obviously distorted in comparison with that of the homogeneous model. A localization of the intense sensitivity area along the boundary with the inner cylinder is observed in the image. The profiles of the models with the high pL:o or the low pa0 outer layer are almost the same as that of the homogeneous model. The profile of the model with the low pao is shifted slightly toward the cylinder surface and the overall spread of the profiles is less than that of the homogeneous model. In the model with the high fiLuo the sensitivity profile distribution is similar to that in the low pio model in that the peak of the intense region of sensitivity is observed at the boundary with the inner cylinder, yet the interrogation depth here is obviously the deepest of all the models. The spatial sensitivity profiles for the detection angle of 60" in figure 6 are of poorer quality and the contours show the influence of noise, especially in the high pa0 outer layer model. However, it can be seen that the tendencies of the profiles for each model are the same as those for a detection angle of 30". For the detection angle of 150-shown in figure 7 the poor statistics of the Monte Carlo simulation make it impossible to provide a rigorous analysis of the sensitivity localization. However, it can be seen that there is a general tendency for the sensitivity profiles to stay close to the chord joining the source and detection fibre and there are few differences between the profiles of the models which have different optical properties in the outer layer. Figure 8 shows the intensity of the output light on the surface of the inhomogeneous models as a function of the detection angle. The intensities are normalized with respect to those of the homogeneous model at each detection angIe. The absolute magnitude of the intensity at over 90" is again uncertain because of the poor statistics. The surface intensities for the models which have a low pio or pa0 outer layer are higher than those of the homogeneous model, whereas those for the high p& or pLa0 inhomogeneous models are lower. The sensitivity ratio of the signal from the inner cylinder is shown in figure 9 . The sensitivity ratios of each model at the small or large detection angles show little difference among themselves. At detection angles between 30" and 120", a difference in the sensitivity ratio caused by the optical properties of the outer layer is, however, observed. The sensitivity ratio of the model with a high ph outer layer is almost the same as that of the homogeneous model. In the models with the low pto or IOW p a outer layer, the sensitivity ratio is lower than that of the homogeneous model. However, in the model with the high p a outer layer, Figum 9. The effect of the optical properties of the outer layer on the sensitivity ratio, the sensitivity ratio is much higher than that of the homogeneous model and it is over 0.8 at a detection angle of 60".
Discussion
The spatial sensitivity profile in the homogeneous model forms the well-known curved 'banana' shape. The effects of the optical properties of the outer layer on the profile depend upon the detection angle. For small detection angles the profiles for the inhomogeneous models are mainly localized within the outer layer and have almost the same shape and curvature as that of the homogeneous model because of the shallow interrogation depth. On the other hand, at the larger detection angles, namely when the detection fibre is located almost opposite the source fibre, the spatial sensitivity profiles are distributed around the chord and little difference is caused by the optical properties of the outer layer. These results show that the spatial sensitivity profiles for the small detection angle are essentially determined by the optical properties of the outer layer, whereas the optical properties of the outer layer have very little effect on the spatial sensitivity profiles for the large detection angles and any NIRS instrument wodd detect the optical property changes along the chord in the inner medium. The sensitivity ratio confirms these results. The sensitivity ratio at the small detection angle is small; that is, a change in the output signal depends upon the optical property change in the outer layer but that at the large detection angles is almost independent of the optical property changes in the outer layer.
The differences between the spatial sensitivity profiles of each of the inhomogeneous
models are significant at intermediate angles. The profile distributions for models with a low , U & outer layer and a high pLa0 outer layer are similar in that the significant-sensitivity area is localized upon the boundary in the inner cylinder. In the case of the model with the low pio outer layer, photons can easily reach the inner cylinder with few collisions and quite a few photons can also travel through the outer layer and on to the detector. Most of the detected photons which reach the inner cylinder only graze the inner cylinder's surface and the interrogation depth into the inner cylinder is shallow. As a consequence, the spatial sensitivity profile shifts toward the surface. Because of this, the sensitivity ratio of the low p.& outer layer model is lower than that of the homogeneous model in spite of there being a higher overall detected intensity. It should be noted that the highest sensitivity region is still localized along the boundary and the interrogation depth hardly deepens when the detection angle increases to 60". In the high pLao outer layer model, the photons which travel long pathlengths are highly attenuated and most of the photons which reach the detector take a detour into the inner cylinder whose pal is lower. The spatial sensitivity in the outer layer is very low and the overall output intensity is much lower than that of the homogeneous model. Consequently the spatial sensitivity profile shifts toward the interior and the sensitivity ratio becomes higher. In the high p& outer layer model, photons are obstructed from reaching the inner cylinder or returning from there by the increased outer layer scattering. This causes slight reductions both in the relative detected intensity and in the sensitivity ratio.
In the model with the lower p . ,~ outer layer, photons which travel through the outer layer are attenuated less and the spatial sensitivity of the outer layer becomes relatively higher. Therefore the profile shifts towards the surface and the output intensity is higher than that of the homogeneous model. Since the diameter of these models is considerably smaller even than that of the pre-term infant head and the degree of inhomogeneity is much less than in the real head, the results shown here cannot be applied directly to the interpretation of human cerebral NIRS data.
Even though the ratio of the model diameter to the thickness of the outer layer was chosen to be almost equivalent to that of the brain diameter to the thickness of the scalp and skull, it is obvious that the absolute thickness of the outer layer is a considerable factor in determining the interrogated volume. If the outer layer is thicker than the interrogation depth of the photon, then the sensitivity profile at small fibre spacing is only dependent on the optical properties of the outer layer. Therefore a larger fibre spacing is needed to deliver photons to the inner cylinder when the diameter of the object is greater. It is relatively easy to visualize the features of the spatial sensitivity profile of the models at the small and large angles, but in practical use on the human adult, the NIRS fibre spacing is often 30"-90". These intermediate detection angles are those that are most susceptible to the optical properties of outer layer. In the adult head, the & of the scalp and skull is similar to that of grey matter and considerably lower than that of white matter. This suggests that the spatial sensitivity profile probably extends down to the boundary between grey and white matter and that the NIRS instrument mainly detects the oxygenation changes at the surface of the brain and in the grey matter. It is not possible to predict the photon propagation in a precise large model of the head using Monte Carlo simulation because of calculation time restrictions, but a finite-element method to solve the diffusion equation can also be used to predict the mean times of flight and photon-sensitivity profiles (Arridge et a1 1993, Arridge and Schweiger 1995) . Since the results of the finiteelement method depend on several parameters, for example the mesh size, boundary condition and source condition, the implementation of the diffusion equation in the finite-element method is more complicated than the Monte Carlo calculation. However, it has the advantage of fast calculation time and it is probably the most effective technique to predict the photon propagation in large complicated models.
Conclusions
A Monte Carlo investigation was carried out to reveal the effects of the optical properties in the outer layer on the volume of tissue interrogated by NJRS instruments. The results comparing the mean times of flight of the Monte Carlo prediction with experimental measurements using a pulsed laser system showed the validity of the prediction. The features of the spatial sensitivity profile as a function of the detection angle can be summarized into three categories: (i) at small detection angles the profile is localized within the outer layer only, (ii) at intermediate detection angles the NIRS signal contains information about changes in the optical properties of the inner cylinder but its sensitivity and the localization of the sensitive region are highly affected by the optical properties of outer layer and (iii) at large detection angles the profile depends mainly on the optical properties of the inner cylinder. Since N l R S measurement of the human head are made mainly at intermediate angles, it is important to examine the optical properties of the outer layer in order to determine the interrogated region.
